Understanding the relative hazards of wildlife to aircraft is important for developing effective management programs. We used Federal Aviation Administration National Wildlife Strike Database records from 1990 to 2009 in the United States to rank the relative hazard of wildlife to aircraft. We summarized data for 77 species or species groups with !20 records where collisions occurred 500 ft (152 m) above ground level. We also assessed the effects of avian body mass, body density, and group size on relative hazard scores. The 3 most hazardous species or species groups were mule deer (Odocoileus hemionus), white-tailed deer (O. virginianus), and domestic dogs. ''Other geese'' (snow goose [Chen caerulescens], brant [Branta bernicla], and greater white-fronted goose [Anser albifrons]) was the most hazardous bird group. Ten of the 15 most hazardous bird species or species groups are strongly associated with water. Avian body mass was strongly associated with percentage of all strikes that caused damage, but not for species exceeding median body mass (1,125 g) of birds in damaging strikes. In contrast, percentage of damaging strikes increased when multiple birds were involved, but only for those species with body mass !1,125 g. Managers should prioritize efforts that will reduce habitat suitability for those species most hazardous to aircraft. We recommend use of exclusion (e.g., fences) for managing large mammals and habitat modifications (e.g., reductions in standing water) accompanied by hazing for reducing bird use of airports. We also recommend that evaluations of jet turbine engine performance following bird ingestions consider using multiple birds with body mass >1,000 g. ß 2011 The Wildlife Society.
Wildlife collisions with aircraft (wildlife strikes) pose increasing risks and economic losses to the aviation industry worldwide. Annual economic losses from wildlife strikes with civil aircraft are conservatively estimated to exceed US$ 1.2 billion worldwide (Allan 2002) and US$ 600 million in the United States alone ). Wildlife strikes have resulted in the loss of >219 human lives and >200 military and civil aircraft since 1988 (Richardson and West 2000 , Dolbeer and Wright 2008 , Thorpe 2010 . Public awareness of wildlife collisions with aircraft is presently at an all-time high following the highly publicized ditching of US Airways Flight 1549 in the Hudson River in January 2009 (Marra et al. 2009 ).
Numerous efforts are currently employed to mitigate wildlife-strike hazards at airports (Washburn et al. 2007; Blackwell et al. 2008 Blackwell et al. , 2009a DeVault et al. 2008 ) and at higher altitudes (DeVault et al. 2005 , Van Belle et al. 2007 , Blackwell et al. 2009b ). Airport biologists have made considerable progress in reducing the overall number of damaging strikes (Dolbeer et al. 2010 ) and strikes in the airport environment (Dolbeer 2011) during the past decade. Nonetheless, most damaging strikes still occur at low altitudes in the airport environment (Dolbeer 2006) . Consequently, efforts to reduce strikes should be concentrated at airports. To better prioritize airport wildlife-hazard management, particularly habitat management (Washburn et al. 2007 ), land-use planning (Blackwell et al. 2009a) , and nonlethal dispersal (i.e., frightening techniques), an improved understanding of which species are most hazardous is necessary. At least 415 bird and 35 nonvolant mammal species were struck by aircraft from 1990 to 2009 (Dolbeer et al. 2010) . Overall, 14% of all strikes with birds and 61% of all strikes with mammals caused some damage (Dolbeer et al. 2010 ). However, the severity and probability of damage is species-specific (Dolbeer et al. 2000 (Dolbeer et al. , 2010 ). Dolbeer et al. (2000) provided an initial ranking of wildlife species by relative hazard level to aircraft. However, at that time (May 1998) the Federal Aviation Administration (FAA) National Wildlife Strike Database for Civil Aviation in the United States contained only 18,038 records. Because of limited data, Dolbeer et al. (2000) was able to rank relative hazard levels for only 21 wildlife species or groups. The annual reporting rate of wildlife strikes has increased markedly (currently >7,500 reports/yr) and now represents about 39% of all strikes at airports certificated for passenger travel by the FAA (i.e., 61% of all strikes are never reported; Dolbeer 2009 ). Consequently, this database contained 99,411 strikes through 2009, warranting a reassessment of wildlife hazard rankings.
More recently, provided hazard rankings and classified species into several hazardlevel categories using the percentages of strikes that caused damage. However, they did not use a composite hazard score that incorporated damage level (e.g., substantial damage; see Dolbeer et al. 2000) and effect on flight. Zakrajsek and Bissonette (2005) ranked wildlife strike hazards for military aircraft with species-group hazard rankings that differed from Dolbeer et al. (2000) . This disparity was likely due to differences in flight characteristics and procedures between military and civil aircraft (e.g., serious strikes to military aircraft are often incurred during low-altitude, highspeed training flights), but also because Zakrajsek and Bissonette (2005) used the number of damaging strikes and the cost of such strikes as their primary criteria for hazard ranking, whereas Dolbeer et al. (2000) used percentages of strikes that caused some type of damage. We emphasize ''Which species are the most hazardous if struck?'' as a question different than ''Which species cause the most damage?'' The former question addresses the proportion of strikes by a species that causes damage to aircraft in relation to the total number of strikes involving that species. The latter question is, in part, a consequence of overall species abundance and current management at airports. There are numerous additional factors that limit our ability to assess which species cause the most damage to aircraft, including multiscale patterns of species distributions, airport locations, and timing and frequency of aircraft arrivals and departures at airports. Consequently, we addressed only the first question, as did Dolbeer et al. (2000) and , whereas Zakrajsek and Bissonette (2005) and the annual FAA wildlife strike report summaries (e.g., Dolbeer et al. 2010 ) addressed the second question.
Because our goal was to provide an assessment of wildlife hazards relevant to management of the airport and its immediate vicinity, we used only strikes 500 ft (152 m) above ground level (AGL) in our analyses. Previous wildlife hazard rankings for civil aircraft (Dolbeer et al. 2000, Dolbeer and used wildlife strike data from all altitudes due to limited sample sizes. Use of all strike data is likely biased because species vary in strike frequency across altitude bands (Dolbeer 2006 ) and strikes at different altitudes occur at various aircraft velocities. For example, Dolbeer et al. (2000) reported that vultures (turkey vultures [Cathartes aura] and black vultures [Coragyps atratus]) and osprey (Pandion haliaetus) had higher hazard scores than predicted by average body masses. These differences were attributed to these species soaring at high altitudes, increasing their vulnerability to being struck by aircraft traveling at greater velocities. We considered mammals in our hazard rankings, but not when investigating factors that contribute to hazard level. Although mammals can be extremely hazardous to aircraft, particularly large mammals (e.g., whitetailed deer [Odocoileus virginianus]; Biondi et al. 2011) , they can be managed effectively with appropriate exclusion and deterrents (e.g., DeVault et al. 2008 , VerCauteren et al. 2010 .
In addition to providing an updated hazard ranking to assist airport wildlife management, we also sought to understand why bird species differ in hazard level. Previous studies have identified avian body mass (Dolbeer et al. 2000, Dolbeer and Eschenfelder 2003) , body density (Seamans et al. 1995) , and flocking behavior (Dolbeer and Eschenfelder 2003) as potential contributors to hazard level; however, no formal analyses on body density and flocking behavior have been conducted. Consequently, we investigated these factors to determine which attributes influenced hazard level.
METHODS
For the 20-yr period (1990) (1991) (1992) (1993) (1994) (1995) (1996) (1997) (1998) (1999) (2000) (2001) (2002) (2003) (2004) (2005) (2006) (2007) (2008) (2009) , 99,411 strikes were reported to the FAA (Dolbeer et al. 2010) . We used FAA National Wildlife Strike Database records for the United States from 1990 through 2009 that included identified species and were 500 ft AGL (thus, in the airport environment ; Dolbeer 2006) , which represented 23,503 reports. Only species-groups with !20 total strikes were used in our analyses. We combined some similar species into groups to increase sample size to !20 (e.g., ''sparrows''), or because similarities in form and behavior facilitated pooling data (e.g., western meadowlark [Sturnella neglecta] and eastern meadowlark [S. magna] were combined into a ''meadowlark'' group), which resulted in 77 species-groups for analyses. We calculated rankings for birds and mammals combined and for birds only. We provided the former ranking to demonstrate the relative hazards of mammal species and the latter ranking because bird management at airports is more complex and often considered separately from mammals. We used the database to calculate the percentage of total strikes for each species or group that 1) resulted in any level of damage to the aircraft (ranging from minor repairs to aircraft destroyed); 2) resulted in substantial damage to the aircraft (adversely affecting structural strength, performance, or flight characteristics and which generally requires major repair or replacement of the aircraft component struck); and 3) caused an effect on flight (e.g., aborted take-off or emergency landing; see table 1 in Dolbeer et al. [2000] for detailed definitions of damage categories and effect on flight). Damaging strikes differed from nondamaging strikes in that the former required some level of repair or replacement of an aircraft component, whereas the latter Table 1 . Ranking of 77 bird and mammal species or groups (1 ¼ most hazardous) as to relative hazard to aircraft in airport environments (i.e., 500 ft [152 m] above ground level), based on a composite rank. The composite rank reflects 3 variables: the percentage of total strikes (for that species-group) that caused any level of damage to the aircraft, the percentage of total strikes that caused substantial damage to the aircraft, and the percentage of total strikes that caused an effect on flight (EOF). See Dolbeer et al. (2000) necessitated no repair or replacement of components (although some costs might have been incurred due to delay or aircraft inspection after landing). Also, by definition, strikes resulting in substantial damage also are included in the calculation for any level of damage, but not all strikes resulting in an effect on flight caused damage. Following Dolbeer et al. (2000) , we ranked the 77 species-groups for each of the 3 hazard criteria (i.e., percentage of strikes with damage, percentage of strikes with substantial damage, and percentage of strikes with an effect on flight) from 1 (most hazardous) to 77 (least hazardous). We created a composite rank by summing those category ranks and then ordered species or groups from most to least hazardous, including tied ranks. We then calculated a relative hazard score (Dolbeer et al. 2000) by summing the scores of the 3 hazard criteria for each species-group, and scaling to a maximum of 100. We assessed hazard scores in relation to avian body mass, body density, and group size. We obtained body mass data from Dunning (1993) . When body mass estimates were provided for both sexes, we averaged them. For body masses of ''groups'' we calculated a weighted average using the number of strikes for each species in that group. We obtained mean bird body densities for 14 species (Seamans et al. 1995; T. W. Seamans, unpublished data) . Unpublished density estimates were for American white pelicans (Pelecanus erythrorhynchos), double-crested cormorants (Phalacrocorax auritus), horned larks (Eremophila alpestris), American kestrels (Falco sparverius), red-tailed hawks (Buteo jamaicensis), great black-backed gulls (Larus marinus), and common nighthawks (Chordeiles minor). For all species, we used ''plucked'' body density estimates (Seamans et al. 1995) ; methods used to estimate density were identical for published and unpublished species. Bird flock size is poorly reported in the FAA National Wildlife Strike Database (Dolbeer et al. 2000) , although all strikes are reported as involving single or multiple birds. Consequently, we used the percentage of strikes in which multiple (>1) birds were struck as our group-size estimate. We log-transformed bird body masses to normalize them before assessing possible autocorrelation among predictor variables. We used relative hazard score as the dependent variable in all analyses and species-group as the sample unit. We first examined bivariate scatterplots of relative hazard score against log body mass and relative hazard score against percentage of strikes involving multiple birds, then used either linear or quadratic regression (based on best model fit) to assess relationships between these variables.
RESULTS
Considering birds and mammals combined, the top 3 species in composite ranking were large mammals (mule deer [O. hemionus], white-tailed deer, and domestic dog; Table 1 ). The next most hazardous mammal species were raccoon (Procyon lotor) and coyote (Canis latrans), with composite rank scores of 28 and 29, respectively. Based on relative hazard score, the top bird species-group was other geese (snow goose [Chen caerulescens], brant [Branta bernicla], and greater white-fronted goose [Anser albifrons]), which was 61% as hazardous as mule deer. Percentage of strikes with damage ranged from 95.6% (mule deer) to 0% (9 species-groups), percentage with major damage ranged from 37.8% (mule deer) to 0% (28 species-groups), and percentage with effect on flight ranged from 83.3% (mule deer) to 0% (5 species-groups; Table 1) .
Considering birds only, other geese was the most hazardous species-group, followed by a 3-way tie between Canada geese (Branta canadensis), other ducks (23 species in the family Anatidae), and turkey vultures (Table 2) . These 3 species-groups were 73-78% as hazardous as other geese . Ranking of 66 bird species or groups (1 ¼ most hazardous) as to relative hazard to aircraft in airport environments (i.e., 500 ft [152 m] above ground level), based on a composite rank. The composite rank reflects 3 variables: the percentage of total strikes (for that species-group) that caused any level of damage to the aircraft, the percentage of total strikes that caused substantial damage to the aircraft, and the percentage of total strikes that caused an effect on flight (EOF based on relative hazard scores. There were 23 bird speciesgroups with relative hazard scores <10; 17 of these (74%) have average body masses <100 g ( Table 2 ). Avian body density was strongly negatively associated with log body mass (r ¼ À0.77; P ¼ 0.001) and, consequently, excluded from analyses. Preliminary examination of the association between relative hazard score and log body mass suggested the relationship diminished once log body mass reached about 3.0 (1,000 g). Thus, we first examined data on body masses for all strikes in 2 groups-those that resulted in damage and those that resulted in no damage. Median body mass for birds involved in damaging strikes was 1,125 g; median body mass for birds involved in nondamaging strikes was 97 g (Fig. 1) . We then used median body mass (log body mass ¼ 3.05) for birds involved in damaging strikes as a cut-off point for further analyses. We subsequently examined relative hazard score versus log body mass and percentage of strikes with multiple birds involved for 2 groups separately (in addition to all birds combined):
species-groups <1,125 g (n ¼ 49), and species-groups !1,125 g (n ¼ 17).
For all bird species-groups, relative hazard score increased with body mass (Fig. 2) . This relationship was similar for those species-groups with body mass <1,125 g; however, no relationship for species with body mass !1,125 g was observed. Although no relationship between relative hazard score and percentage of strikes involving multiple birds existed when considering all bird species-groups or those with body mass <1,125 g, relative hazard scores did increase with percentage of strikes involving multiple birds for species-groups !1,125 g (Fig. 3) .
DISCUSSION
Understanding the relative hazards of wildlife to aircraft is critical for developing effective management programs. We encourage biologists and managers to prioritize efforts that reduce use of airport property for those species ranked most hazardous to aircraft; that is, those species with the greatest percentage of total strikes that cause some form of damage (either direct aircraft damage or an effect on flight) and are observed using the airspace and habitats in and around the airport in question (see also . We emphasize that our composite rankings do not necessarily represent species that cause the most economic damage nor the relative frequency of species involved in damaging strikes; rather, our rankings reflect those species most likely to cause damage when struck by aircraft. Thus, prioritizations for managing hazardous wildlife species also should consider frequency of species occurrence on airports .
Large mammals, particularly deer, are clearly the most hazardous wildlife to aircraft (see also Biondi et al. 2011 ). Dolbeer et al. (2000 similarly reported deer as having the highest relative hazard score. Consequently, we recommend airports implement a no-tolerance policy for deer or other large-bodied mammals (e.g., dogs) on airfields. Exclusion devices are highly effective for deer and fencing should be a priority at all airports (DeVault et al. 2008 , VerCauteren et al. 2010 . Although less effective, lower cost alternatives to 2.3-3-m woven-wire or chain-link fencing are available (e.g., Seamans and VerCauteren 2006) . It is critical that fences (Sauer et al. 2008) . Consequently, strategies with longterm effectiveness to reduce goose and other waterbird use at airports are imperative. Fresh water, including standing water following rainfall, is common at certificated airports (Gabrey and Dolbeer 1996, Brown et al. 2001 ) and at general and open-water management should be a high priority for airports Seamans 2002, Blackwell et al. 2008) .
Other bird species with high composite rank scores are typically associated with specific cover types (e.g., greathorned owl [Bubo virginianus] and wild turkey [Meleagris gallopavo]-forest; sandhill crane [Grus canadensis]-cropland; ring-necked pheasant [Phasianus colchicus]-grassland and cropland). In cases of multiple hazardous bird species using several cover types at airports, we recommend managers consider the most hazardous species and manage for cover type that is least attractive overall. The importance of management programs that consider multiple components of wildlife habitat or resource use (e.g., roosts and food) is recognized (e.g., Blackwell and Wright 2006) . However, the feasibility for reducing the amount of resources selected by hazardous species on airports will vary. For example, it is often necessary to maintain grasslands, including short grass near taxiways and runways, which are often used for loafing or foraging by several species. In these situations, modifying vegetation height and planting less palatable plant species may reduce habitat suitability for some species (Pochop et al. 1999 , Sheffield et al. 2001 , Washburn et al. 2007 , Whittingham and Devereux 2008 . Also, agriculture is a surprisingly common land use at airports (Blackwell et al. 2009a , DeVault et al. 2009 ); avoiding production of small grains and corn exploited by many species will almost certainly reduce overall wildlife use.
Populations of most large birds hazardous to aircraft are increasing in the United States (Dolbeer and Eschenfelder 2003) . Overall, body mass was clearly the primary determinant of hazard level to aircraft, and flocking behavior was secondary (see also Dolbeer et al. 2000, Dolbeer and Eschenfelder 2003) . However, we note the relationship between body mass and hazard level held only for birds with body mass less than about 1 kg; relative hazard did not increase for species exceeding about 1 kg body mass. This concept also was demonstrated by Dolbeer and Eschenfelder (2003) , who found that 50% of strikes with birds >1.8 kg caused damage and 51% of strikes with birds >3.6 kg caused damage.
According to Dolbeer and Eschenfelder (2003) , 67% of the 36 bird species in North America >1.8 kg exhibit strong flocking behavior and 25% exhibit limited flocking behavior. We demonstrated that strikes involving multiple birds were a contributing factor to damaging strikes for large bird species. We were surprised to find, however, that the percentage of strikes involving multiple birds was not an important predictor of damaging strikes for smaller birds. Some of the most devastating strikes (in terms of loss of human life) were caused by large flocks of European starlings (Sturnus vulgaris) and rock doves (Columba livia; Thorpe 2005) . However, we lacked consistent data on flock size for analyses; our binary measure of single or multiple birds involved in strikes may have masked an effect of flock size for small species. It is possible that for small bird species, only large flocks are particularly hazardous. Thus, airport managers and biologists should not ignore the potential threat posed by large flocks of small birds. Even so, the greatest avian strike hazards to aircraft are clearly large (>1 kg) flocking species.
MANAGEMENT IMPLICATIONS
Our recommendations target airport wildlife managers and engine manufacturers, respectively. First, although numerous hazing and exclusion techniques have been demonstrated to reduce wildlife use of airports, we encourage airport managers to concurrently implement programs that reduce wildlife habitat suitability whenever feasible. Creating habitat less suitable for hazardous wildlife should reduce their overall use of airport environments and also may enhance effectiveness of hazing techniques. We recommend management programs first prioritize local wildlife species by hazard level, and then emphasize reducing habitat suitability for the most hazardous species. Certainly, perimeter fences to exclude large mammals and reductions in standing water to reduce use by many of the most hazardous bird species should be priorities for airports.
Current FAA design standards require jet turbine engines to sustain ingestions of 8 675-g birds or 1 1.8-kg bird without catching fire, bursting, increasing load beyond maximum design load, or losing the ability to be shut down (Eschenfelder 2000) . In addition, engines tested using 675-g birds also must maintain !75% power or thrust and not fail within 5 min of bird ingestion (Eschenfelder 2000) . Our results suggest consideration for using multiple birds exceeding 1-kg body mass for jet turbine engine testing, rather than multiple birds <1 kg or a single bird >1.8 kg, as is currently required.
